A B S T R A C T Exogenous protein in the absence of other calories can cause protein-sparing, but the mechanisms involved are controversial. It has been postulated that low insulin and high fat-derived substrate levels are necessary and sufficient conditions for such protein-sparing. We therefore established such conditions with differing protocols of protein input to define the role of protein input in mediating the response. Three groups of obese, nondiabetic subjects received the following diets: (1) 82.5±1.0 g protein/day (400 cal/day) for 21 days, n = 7; (2) the same, but as a refeeding diet for 7 days after 21-28 days of total fasts, n = 7; and (3) commencing with the same input, but with daily stepwise decrements over 14 days to 19.4 +2.2 g/day, then maintained an additional 7 days, n = 4. Diet 3 gave approximately the amount and pattern of protein lost during total fasting.
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The circulating hormone and substrate responses of diets 1 and 3 were comparable and resembled those of total fasts, in that plasma glucose and insulin fell and free fatty acids rose. Blood levels of alanine, pyruvate, and other glucogenic amino acids fell and blood levels of branched-chain amino acids rose transiently. Blood 3-hydroxybutyrate levels and urinary excretion were greater in diet 3 than diet 1, but less than in total fasting. Nitrogen balance in diet 1 was transiently negative, but in equilibrium from 12 to 21 days. In diet 3, it was constantly negative at -6 g/day, the values also observed at 21 days of fasting. Mean 3-methylhistidine excretion decreased by 170 ,umol/day in diet 1 and 107 ,umol/day in diet 3, reflecting decreased muscle protein catabolism. The refed, protein-depleted subjects, diet 2, showed an increase in plasma glucose without alteration in insulin levels. Received for publication 29 June 1977 and in revised form 16 March 1978. body levels decreased to those of the steady state observed in diet 1 (4) . It has been postulated that the prime mediator is the lower insulin level which prevails when protein is given in the absence of carbohydrate (5, 6) . The inhibition of adipose tissue lipolysis has been generally accepted to be the most potent effect of basal or elevated levels of insulin.
Therefore, it was suggested that such lowered levels allow for a greater part of the caloric deficit to be provided from endogenous fat. Thus it follows that the greater the rate of fat mobilization, the fewer the calories which must be produced from protein catabolism, resulting in protein-sparing. Implicit in this hypothesis is that any elevation of insulin levels would impede this process, resulting in less effective protein-sparing (6, 7). We have recently presented evidence that this is not the case: protein plus hypocaloric amounts of glucose intravenously (in the postoperative patient) result in elevated insulin, lowered free fatty acid, and ketone body levels, but no decrease in protein-sparing when compared to protein alone (8) .
Further, protein plus hypocaloric amounts of lipid result in low insulin and elevated fat-derived substrates, but again with the same protein-sparing. This led us to hypothesize (a) that the principal determinant of protein-sparing is the protein supply itself and, (b) that caloric deficits are provided primarily from endogenous fat irrespective of insulin or fatderived substrate levels. The latter function could be described as a "caloristat", set at the requisite energy demand, and able to quantify exogenous supply and respond by mobilizing fat to precisely fill the deficit. The operation of both the sensor and effector limbs of such a caloristat require further definition. We have previously studied nutritional states in which provision of protein with added calorie input has modified both insulin and energy substrate levels (8, 9) . The present study was designed to examine the hypothesis that protein supply itself determines the resultant protein-sparing, by fixing insulin at comparably low levels during different inputs of hypocaloric amounts of protein. Levels of hormone and energy substrates, nitrogen balance, and excretion of 3-methylhistidine were monitored to allow for inferences as to the mechanisms of the responses observed. The importance of understanding mechanisms operative in such states is underscored by the current widespread use of so-called "protein-sparing modified fast" for weight reduction in obesity (10) (11) (12) (13) (14) and in "protein-sparing therapies" employing intravenous amino acids alone in postoperative (8, 15) as well as prolonged intravenous nutrition (16 Clinical Investigation Unit of the Toronto General Hospital. One female was studied on three occasions, and another female and one male were studied twice. Each had been informed of the nature, purpose, and possible risks involved in the diets and blood sampling, and consent was obtained as prescribed by a University of Toronto human experimentation committee which had approved the protocol. Some of the subjects of the constant, refed, or total fasting diets underwent other procedures before or subsequent to those of the present report, which were sufficiently remote in time to have no effect upon the variables reported. The latter studies are published elsewhere (17) (18) (19) (20) (25), and acetoacetate (26) , and glycerol (27) were determined in this fashion. Acidic, neutral, and basic amino acids were estimated in whole blood by a single-column method (28) employing a lithium buffer system with a Beckman 120C amino acid analyzer (Beckman Instruments, Inc., Spinico Div., Palo Alto, Calif.) equipped with an Autolab Computer (SpectroPhysics Inc., Autolab Div., Santa Clara, Calif.). Reduced glutathione elutes in a separate peak well resolved from those of other amino acids by this protocol, but that of the oxidized form coelutes with aspartate. For urine 3-methylhistidine, an elution protocol using a 6-cm column on a Beckman 121M amino acid analyzer (Beckman Instruments, Inc., Spinico Div.) was developed. This enabled assays to be performed in 45 min, using a lithium citrate buffer, pH 4.17 at 64°C (Beckman Instruments, Inc., Spinico Div.), with 98 ±4% recovery of standard added to urine perchloric acid supernates.
Plasma with aprotinin was employed for the following assays. Free fatty acids were assayed in single Dole extracts by the radiochemical microtechnique of Ho (29) , in which no interference by organic anions occurs. Immunoreactive insulin (IRI)2 was estimated using a radioimmunoassay system employing a coated-charcoal separation of free from bound hormone (30) , highly purified human insulin standard, monoiodinated (1251)-pork insulin tracer (both from Novo Research Laboratories, Copenhagen, Denmark), and antiserum kindly provided by Dr. Peter H. Wright, (Indianapolis, Ind.). Immunoreactive glucagon (IRG) was assayed using the same separation technique, purified porcine glucagon standard, monoiodinated (1251) pork glucagon label (Novo Research Laboratories), and antiserum 30K from Dr. R. H. Unger (Dallas, Tex.). A blank without antibody was run with each sample for "nonspecific binding". The antiserum used is relatively specific for "pancreatic glucagon" as distinct from enteroglucagon, but is recognized to cross-react with a high molecular weight component, probable glucagon precursors 2Abbreviations used in this paper: IRG, immunoreactive glucagon; IRI, immunoreactive insulin. (31) , and probably fragments of the native hormone. All assays performed on aprotinin-containing plasma were corrected for the plasma dilution introduced, by use of the concurrently obtained hematocrit determinations.
Urine nitrogen components were assessed as follows: Urea nitrogen was obtained by the autoanalyzer method (32) , ammonium nitrogen using a specific ion electrode (Orion Research Inc., Cambridge, Mass.), and creatinine and uric acid by autoanalyzer methods (33, 34) . The difference between the total of measured components and total nitrogen, a relatively constant 0.5 g/d during fasting (35) (Table II) . Hunger remained suppressed in association with the presence of acidosis. Serum uric acid showed an initial rise followed by a return toward normal in fasting and diets 1 and 3 and was normal after 7 days of refeeding (Table II) . These changes in serum uric acid and renal urate handling, and the decrease in renal creatinine clearance in fasting, and the three diets are reported elsewhere (17, 18) . No episode of gout occurred. Diet 3 and fasting caused a progressive decrease in plasma urea nitrogen, but no change occurred with diet 1, and an increase was observed with diet 2 (Table II) . Table II ). The glucogenic amino acid alanine showed an early, marked fall which was sustained in both diets ( Fig. 2A) . Significant decreases in threonine, proline, ornithine, and arginine (P < 0.05) occurred in diet 1 by day 14 , and in glutamic acid and ornithine in diet 3 by day 14 (data not shown). Notable are the failure of glutamine to change significantly and the absence of differences in glutamine between these diets and the fall in glycine in diet 1 ( Fig.  2A) . Transient increases in the branched-chain amino acids, valine, leucine, and isoleucine, on days 2, 5, and 7 were followed by a return to postabsorptive levels (Fig. 2B) . A progressive rise to plateau plasma FFA values by day 7 occurred with diets 1 and 3, but the rise in blood glycerol was more rapid with diet 3 (Table II, Fig. 3 ). Further divergences between the two responses are found in blood and urine ketone bodies (Fig. 4) These hormones and substrates were associated with very different patterns of nitrogen balance, for which the time-course is seen in Fig. 5 , and details for day 14 and cumulative values are presented in Table II . With diet 1, urine urea-nitrogen excretion approximated nitrogen intake for the 1st wk, then declined to 2-4 g/day less than the intake. With development of the ketoacidosis, ammonium nitrogen excretion increased, and uric acid excretion decreased. The sum of these urine nitrogen components exceeded the intake for the 1st wk, and was near that value thereafter. Hence, with estimates of unmeasured urine nitrogen components, fecal and integumentary losses included, a small net negative nitrogen balance existed for the first 12 days, but balance was not significantly different from zero thereafter. Thus, the cumulative negative nitrogen balance was 20 g/21 days. In contrast, in diet 3 the net nitrogen balance remained constantly negative at 4-6 g/day with a decrease in excretion of urea nitrogen balancing the decrease in protein intake. Ammonium nitrogen increased, again concurrent with the development of acidosis. The cumulative negative nitrogen balance was greater than that of diet 1, namely 117 g/21 days, but less than that for total fasting.
Urine 3-methylhistidine excretion (Fig. 6) , a reflection of muscle protein catabolism, decreased during total fasting to values 67% those of day 1. Values with diet 1, began at 180 ,umol/day more than with fasting, reflecting the excretion due to the ingested protein.
Through intake was constant, a significant decline occurred between days 7-14, and a further decrease to 50% day 1 values was observed by day 21 . This excretion of 177+24 umol/day was the same as during day 1 of fasting, but >day 21 of fasting (P < 0.05). With diet 3, excretion also decreased between days 7 and 14, remaining significantly less than with diet 1, but greater than with fasting, except on day 21. The refeeding with the constant protein intake in diet 2 is presented separately because the 0 time base line was that of prolonged fasting. It caused a return of hormone and substrate values from those characteristic of prolonged fasting to those reported for the 
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FIGURE 5 Nitrogen balance in the three hypocaloric protein diet protocols. Nitrogen intake is plotted downward from the horizontal axis, and mean+SEM of intake is indicated at the bases of the bars. Output components are plotted upward from the intake levels, and the net balance is indicated by the closed circles and solid line for each day. The method of calculation of balance is detailed in the text. For the refeeding diet, two days (-2 and -1) of the prior total fasting balance are shown for contrast with the response to the exogenous protein.
steady state with diet 1. Plasma glucose rose significantly by 10 mg/day 1, despite the lack of measurable changes in either IRI or IRG (Fig. 1) . Blood lactate remained stable, but pyruvate rose from the low values of fasting, such that the lactate/pyruvate ratio decreased significantly (Table II) . The whole-blood amino acid pattern showed several changes: a transient, significant decline (P < 0.05) on day 2 occurred for alanine, glutamine, (Fig. 2A) , threonine, serine, and asparagine, (not shown), as well as a smaller decline for the branched-chain amino acids (Fig. 2B) , phenylalanine and tyrosine (not shown). Most returned to day 0 values by day 7. The elevated glycine values typical of prolonged fasting showed a progressive decrease to normal postabsorptive levels ( Fig. 2A) . Plasma FFA decreased by one-third from 1,257+121 uM, from day 2 on, (Fig. 3) , and though blood and urine ketone bodies declined more slowly (Fig. 4) , all returned by day 5 to the same levels as during days 14-21 of the constant diet. Blood glycerol did not change. The steady-state negative balance of nitrogen with fasting, of -6 g/day, was converted to significant positive balance (Table III, Fig. 5) . A marked disparity between the nitrogen intake and that appearing as urinary urea nitrogen persisted through the whole period, including days 5-7 when the plasma urea-nitrogen concentration had returned to normal (Table II) . The urine ammonium nitrogen decreased concurrently with decreasing acidosis. The cumulative positive nitrogen balance for this 7-day period was 20 g. (Inclusion of a calculation for the change in urea pool size would only decrease this value by -0.8 g.) 3-Methylhistidine excretion (Fig. 6) increased from a low value typical of prolonged fasting by 152 ,umol/day on day 7. This excretion was equivalent to that observed on day 14 of diet 1.
DISCUSSION
Studies as early as the turn of the century showed that protein equilibrium cannot be attained without exogenous protein (reviewed in 38) . In this early work, calories were provided concurrently as carbohydrate, fat, or both. Three decades later, Strang et al. (40) showed that protein alone could produce proteinsparing. This has been elaborated upon more recently by Apfelbaum et al. (40) and Bell et al. (42) who found that constant oral intake of protein alone is capable of producing protein-sparing and in some cases, protein balance. Amounts of protein employed have varied, but it would appear that about 1 g/kg per day of high-quality protein is generally successful in achieving balance. In parenteral nutrition employing amino acid solutions alone, nitrogen balance is achieved with -1.6 g/kg per day for one commonly used formulation (reviewed in 43) . Most studies of hypocaloric amounts of protein given orally have not presented comprehensive hormone-substrate and nitrogen-balance data in homogeneous populations and with numbers of subjects amenable to statistical analysis. Accordingly, specific roles of each variable in mediating the response have not been conclusively proven.
The three protein diet protocols of the present study all produced protein-sparing. Diet 2 caused positive nitrogen balance, and the constant input (diet 1) achieved equilibrium after 12 days. The decreasing input (diet 3) achieved constant negative balance at a value near that of the steady state during total fasting, and therefore achieved protein-sparing only during the first 2 wk, by reference to total fasting. It is probable that the major factors in the protein-sparing were the supply of amino acids from the ingested protein, combined with decrease in protein catabolism, as inferred from the 3-methylhistidine data. In such hypocaloric states, the amount of protein required for balance is the sum of that required for maintenance of protein synthesis plus the obligate minimum which is directed into gluconeogenesis and ammoniagenesis. Using the technique of 3-methylhistidine excretion, Young et al. (44) demonstrated that muscle-protein catabolism decreases during prolonged fasting. This amino acid is found in the actin of all muscle and the myosin of white muscle. It is not catabolized or reutilized when released from peptide linkage upon proteolysis, and appears quantitatively in the urine. 75% ofadministered 14C-labeled 3-methylhistidine appears in the urine within 24 h, and 95% within 48 h (45), indicating rapid and virtually quantitative excretion. The present data (Fig. 6 ) confirm the decrease in 3-methylhistidine excretion, and hence protein catabolism, during fasting. The magnitude of the decreases in protein catabolism and nitrogen excretion are also consistent with increased reutilization of amino acids from the catabolized muscle protein (44) . The data from diet 1, day 1, indicate that the exogenous protein contributed 3-methylhistidine in an amount equal to that from endogenous sources, namely 170 ,umol/day.3 Because the input was constant, the 3 With isocaloric provision of fat or carbohydrate without protein, the excretion on day 1 is the same as that of total fasting. At three different levels of protein input on day 1, a linear relationship between protein input and 3-methylhistidine excretion has been found. The value at 0-protein input is 170-200,umol/day, with an increment of 1.4 dramatic decrease in excretion, from 354+18 ,umol/ day to 177+24 ,umol on day 21, must signify decreased endogenous protein catabolism, unless absorption and(or) excretion of the exogenous amino acid were selectively reduced. This suggests an even greater decrease in catabolism with this diet than with fasting alone. Quantitative interpretations with diet 3 are rendered more difficult because of the reductions in input and (probably) of endogenous catabolism during the first 14 days. On day 21, (despite input of onequarter the amount of protein as in diet 1) excretion was not significantly different from either fasting or diet 1, because of a large standard error of the mean (Fig. 6 ). This suggests that the catabolic rate was at least as great as in fasting, and certainly greater than with diet 1. Interestingly, in diet 2, a mean increment of 152 ,umol/day on day 7 brought the value for excretion (254+±33 umol/day) to greater than on day 21 of diet 1 (P < 0.05). This would be consistent with persistence of a higher level of endogenous protein catabolism. Because it occurred during positive nitrogen balance (Fig. 5) , this further implies a considerable increase in reutilization as compared with diet 1.
Considering the concurrent 3-methylhistidine and nitrogen-balance data, certain inferences as to protein-sparing mechanisms may be drawn. Curtailed body-protein mobilization in prolonged fasting occurs via a decrease in catabolism and modest increase in reutilization (44) . Protein balance with constant input of protein resulted from a considerably greater decrease in catabolism, though a modest increase in reutilization is also possible. Refeeding with the constant protein input after fasting caused positive balance in a setting with greater catabolism than in diet 1, and therefore implies greatly increased reutilization. The data available do not give a direct measure of the protein synthetic rates, which almost certainly were reduced in fasting (46) . In diet 1, synthetic rate was equal to catabolic rate when protein balance occurred, and therefore was considerably reduced. In diet 2, presumably synthetic rate increased, because the catabolic rate was likely to be between those of day 21 of fasting and of diet 1. The nitrogen balances demonstrate trends which are consistent with the presence of a functional "labile nitrogen pool" (38) . The size of this pool is estimated in total fasting by the difference between actual loss which decreases progressively over the first 2 wk (35) , and the obligate minimum loss, represented by the plateau seen thereafter. For the first 2 wk of fasting, the cumulative value of these differences (using 6 g/ day as obligate minimum) is 28 g N (data not shown). In diet 1, the cumulative net negative balance for the same duration was 27 g N, a strikingly similar value. In diet 3, the pattern of input provided appeared to have also caused mobilization of this putative pool, (50) , glycine levels rise. The notion of glycine levels as an indicator of the presence of exogenous protein supply is supported by the failure of levels to rise in the constant and decreasing protein diets, and the fall with refeeding.
Turning to other factors potentially responsible for mediating the responses observed, one which can be excluded as quantitatively significant, is the caloric value of the protein itself. Though the administration of nonprotein calories as glucose is protein-sparing in prolonged fasting, as in the postabsorptive state (3), protein equilibrium has never been achieved whether the input was hypocaloric (51) or isocaloric (52) .
The roles of hormones in this response remain controversial. The earlier hypothesis that low insulin combined with high or postabsorptive glucagon levels constitute a "catabolic" milieu, and that high insulin and lowered glucagon levels are "anabolic" is applicable only in some circumstances (reviewed in reference 4). The more recent notion that low insulin levels in hypocaloric states are both necessary and sufficient to obtain protein-sparing with hypocaloric amounts of protein has also been challenged (vide supra). The present data again show that below postabsorptive insulin levels are a "sufficient" condition in which protein-sparing may be obtained (5-8, 14-16, 41, 43) .1 It is not certain that this is a "necessary" condition for the organism to supply its caloric deficit from stored fat (4, 8, 43 ),1 however. It is clear that insulin levels are not the absolute determinants of protein-sparing, because they were indistinguishable in the steady states of all three diets and prolonged fasting. The insulin levels reported represent those prevailing in the overnight-fasted state. Subjects of diets 1 and 2 showed no significant change in peripheral IRI in relation to meals when monitored during days 21 and 7, respectively;4 hence the values reported are likely to be representative for the whole day.
The rates of fat mobilization and utilization with these diets are the determinants of how much protein may be "saved" from catabolism for energy production. In diet 1, it may be inferred that the caloric deficit was made up to a greater extent by endogenous fat after 2 wk, in light of the pattern of nitrogen balance. Commencement of nitrogen balance coincided with the time required to attain maximum levels and excretion of ketone bodies. A similar inference may be drawn in diet 3: though protein intake decreased, the negative balance remained constant while ketone body levels rose progressively and to higher levels than in diet 1. Despite this greater ketosis, more negative nitrogen balance was obtained with diet 3 than 1. However, fat mobilization and ketogenesis are not necessarily related to ketonemia and ketonuria, because of changing patterns of fatty acid and ketone body utilization as well as excretion with time (53) . The positive nitrogen balance of diet 2 could have resulted from administration of protein during established maximal fat mobilization. However, positive N balance persisted at lower levels of fat-derived substrates. Therefore, the antecedent protein depletion (-168 g N at 0 time ofrefeeding), probably played a role in the greater nitrogen retention. This effect of prior depletion in increasing the retention ofprotein has long been recognized, in the absence of ketosis (38) . Its mechanism is unclear but would be consistent with the existence within the organism of a means of recognition of its protein balance status, independent of insulin levels. However, the recent demonstration of altered insulin receptor number and(or) affinity in prolonged fasted and refed man (54) raises the possibility that altered "effectiveness" of insulin may be a determinant.
If increases in protein synthesis contribute to the different levels ofprotein-sparing observed with the three diets, it would be predicted that the energy cost of such synthesis would be provided primarily from fatty acids. Thus the lower levels of FFA and ketones in these diets than in total fasting could reflect increased utilization for this purpose, at comparable rates of production. For example, in diet 2, a change in nitrogen balance from -6 to +3 g/day, might represent an increase in synthesis of 56 g protein. At an estimated energy requirement of4 Kcal/g protein synthesized, this would 4Marliss, E. B. Unpublished data.
require 200 Kcal/day more than during total fasting. Detailed studies of not only protein turnover, but of fatty acid turnover, oxygen consumption, and carbon dioxide production will be required to quantify this factor.
From the therapeutic standpoint, apart from the suppression of appetite related to the state of controlled, mild ketoacidosis, the approach of employing such drastically hypocaloric ketogenic diets as therapy for obesity has no unique advantages in terms of protein conservation, except when compared with total fasting (55) . The short-term efficacy of these diets for weight loss, and their safety when used in healthy individuals and under closely supervised hospital surroundings have been confirmed. However, only 25% of the patients so treated either maintained the loss or continued to lose weight in subsequent follow-up. 5 The adverse symptomatology observed was part ofthe physiological response, namely lightheadedness due to postural hypotension, and constipation. The utility of this type of diet as a phase in refeeding after total fasting has been demonstrated, in that minimal water retention occurred. It is stressed that the addition of exogenous energy as small amounts of carbohydrate appears not to mitigate the benefit of the amounts of protein administered (8, 10, 13) in respect to protein-sparing, and may be advantageous in that less adverse symptomatology accompanies the lesser ketosis.
